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The  core  of  a  nuclear  reactor  presents  exceptionally  stringent  requirements  for 
structural materials due to its high temperature and intense radiation as well as its need 
for  unfailing mechanical  integrity[1‐4].  Thus,  candidate materials  for  nuclear  applications 
must  possess  excellent  irradiation  tolerance,  high  strength,  and  thermal  stability. 
However, these properties are difficult to realize simultaneously in one material because 
of  apparently  intrinsic  tradeoffs  between  them.  Here  we  report  a  novel  interface 
engineering  strategy  that  simultaneously  achieves  superior  irradiation  tolerance,  high 
strength,  and  high  thermal  stability  in  bulk  nanolayered  (NL)  Cu‐Nb  composites.  By 
synthesizing  bulk  NL  Cu‐Nb  composites  containing  interfaces  with  controlled  sink 
efficiencies,  we  design  a  material  in  which  nearly  all  irradiation‐induced  defects  are 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annihilated. In contrast to grain boundaries in single‐phase metals, the Cu‐Nb interfaces in 
these composites remain stable and void free. Interface engineered bulk NL composites 
are adaptable to  large‐scale  industrial production and exemplify an  innovative approach 
to  design  interface‐dominated  materials  that  eliminate  the  trade‐offs  that  constrain 
conventional alloy design. 
    Coarse‐grained polycrystals are thermally stable, but generally mechanically weak and 
susceptible  to  radiation‐induced  swelling,  hardening,  and  embrittlement[5‐9]. 
Nanocrystalline  (NC)  materials  have  high  strength[10‐14]    and  improved  radiation 
resistance[15,16]   because of  their high density of grain boundaries  (GBs), which are sinks 
for  irradiation‐induced  defects[17‐20]  and  obstacles  for  mobile  dislocations[10‐14]. 
Nevertheless,  most  NC materials  are  not  thermally  stable  and  coarsen  rapidly  even  at 
modest temperatures[21,22]. Recently, nanotwinned metals were shown to have both high 
strength  and  thermal  stability[23‐25].  However,  these  materials  do  not  have  increased 
radiation resistance because they contain mostly coherent twin boundaries (CTB), which 
are poor traps for radiation‐induced defects[20]. 
    Similar to GBs in NC solids, interfaces play a major role in determining the properties of 
NL  composites[4].  Moreover,  interfaces  of  differing  crystallography  or  composition 
possess distinct properties,  including sink efficiencies for radiation‐induced defects[20,26]. 
They,  therefore,  provide  additional  parameters  for materials  design,  beyond  grain  size 
and  composition  alone:  parameters  that  may  be  used  to  impart  to  nanocomposites 
properties that are not otherwise simultaneously realizable in one material. 
    Bulk NL Cu‐Nb composites with ultrahigh hardness (Hv=4.13±0.4 GPa), tensile strength 
(σ=1  GPa),  and  excellent  thermal  stability[27‐30]  have  recently  been  fabricated  through 
accumulative roll bonding (ARB)[31,32]. These materials may be processed as sheets of area 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approaching  1m2  and  total  thickness  of  several  millimeters  while  the  individual  layers 
making up the composite are as thin as ~10 nm. Furthermore, bulk NL Cu‐Nb composites 
contain  a  narrow  distribution  of  special  interface  types,  primarily 
Cu{112}<110>//Nb{112}<111>  and  secondly  Cu{110}<110>//Nb{112}<111>[27‐30].  Many  of  these 
interfaces are atomically faceted and differ from the atomically flat interfaces found in NL 
Cu‐Nb  composites  synthesized  by  physical  vapor  deposition  (PVD),  where 
Cu{111}<110>//Nb{110}<111>[4]. The unique  interfaces  formed  in bulk NL Cu‐Nb composites 
may lead to unprecedented irradiation resistance. We use bulk NL Cu‐Nb composites as a 
model system to explore the irradiation tolerance of  interface engineered materials with 
a  view  towards  later  adapting  the  same  design  principles  to  more  reactor‐relevant 
compositions. 
    To  investigate  the  radiation  response  of  NL  Cu‐Nb  composites,  we  directly  radiated 
transmission electron microscopy (TEM) foils of ARB Cu‐Nb composites using He ions at 
450°C  (Figure. S1).  The  incident He  ions pass  completely  through  the  foils, but  create a 
uniform damage  level of ~3 dpa  in both Cu and Nb  layers  (Figure. S2). Figure.  1  and S3 
show a  typical  cross‐section TEM  image of an  irradiated ARB NL Cu‐Nb composite with 
individual layer thickness of 135 nm. The original layered morphology of the as‐processed 
state  remains  unchanged  by  the  6h,  450°C  irradiation,  confirming  excellent  thermal 
stability. 
    Comparison of the selected area diffraction patterns (SADP) for as‐processed (Figure. 
S3b)  and  irradiated  (Figure.  S3c)  samples  show  that  the  Nb  diffraction  spots  have 
broadened due to the  large number of vacancies created by  irradiation  in the Nb  layers 
while  the  Cu  diffraction  spots  are  unchanged.  This  difference  is  due  to  unlike  vacancy 
mobilities, which, at 450°C, are much higher in Cu (T=0.41Tm‐Cu  and  mvEΔ =0.69 eV) than in 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Nb (T=0.18Tm‐Nb and  mvEΔ =1 eV)
[33]. Self‐interstitials, on the other hand, are highly mobile 
at  this  temperature  in  both  Cu    and  Nb.  Due  to  their  higher  mobility,  some  of  the 
radiation‐induced vacancies in Cu layers recombine with interstitials, while others migrate 
to  nearby  sinks,  which  may  be  Cu‐Nb  interfaces,  Cu  GBs,  voids,  or  free  surfaces. 
Consequently, the steady‐state number density of radiation‐induced vacancies in Cu is low, 
leading to less lattice distortion than in Nb. 
    As radiation‐induced vacancies diffuse in Cu layers, some of them cluster and eventually 
form voids, which are a classical form of damage in irradiated metals[5,18]. Numerous voids 
of ~5 nm diameter may be found in Cu layers at the end of the irradiation experiment, as 
shown in Figure. 1a. Consistent with the low mobility of Nb vacancies, no voids are seen in 
the Nb  layers. Unlike GBs  in  pure Cu[20],  Cu‐Nb  interfaces  are  not  decorated with  voids 
after  irradiation.  The  number  density  of  voids  within  individual  Cu  layers  may  be 
measured as a function of distance from the neighboring interfaces by dividing the layer 
into several parallel slices (Figure. 1b) and counting the voids in each slice. Figure 1c shows 
that the density of voids is highest in the middle of the layer and decreases in the regions 
closest to the Cu‐Nb interfaces. Distinct void‐denuded zones (VDZs) are present near the 
Cu‐Nb  interfaces.  These  zones  are  a  direct  consequence  of  the  diffusion  of  radiation‐
induced  vacancies  to  and  their  subsequent  trapping  at  Cu‐Nb  interfaces.  They 
demonstrate that interfaces may heal radiation damage. 
    VDZ widths differ from interface to interface. For example, the void density at interface 
I in Figure. 1b is lower than the one at interface II, indicating larger VDZ at interface I than 
at interface II. This variability is the evidence that different Cu‐Nb interfaces are vacancy 
sinks  of  differing  efficiency.  Previous  investigations  have  demonstrated  that  the  sink 
efficiency  of  GBs  in  pure  Cu  depends  on  their  complete  crystallographic  character[20]. 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Similarly, the present investigation shows that the sink efficiency of Cu‐Nb interfaces is a 
function of interface crystallographic character. 
    We  used  precession  electron  diffraction  (PED)[34]    to  determine  the  crystallographic 
character of  sixteen distinct Cu‐Nb  interfaces. The PED scan  is conducted over a  region 
containing  several  interfaces,  such  as  that  shown  in  Figure.  2a,  yielding  the  complete 
orientation  map,  as  in  Figure.  2b.  The  character  of  each  interface,  expressed  as  the 
interface  plane  normal  and  image  normal,  for  both  phases  may  be  determined.  For 
example, the interface marked in Figure. 2c has a character of Cu(11 2 11)[8 9 7]//Nb(8  19 
8 )[19 19 23]. The crystallographic characters of all the interfaces we studied are listed in 
Table S1 and related to bulk texture in ARB NL Cu‐Nb composites in Figure. S4. 
    Figure  3a  compares  the  VDZ  widths  measured  here  with  ones  found  after  identical 
irradiation experiments near GBs in pure Cu[20] as well as near PVD Cu‐Nb interfaces. The 
sink  efficiency  of  ARB  NL  Cu‐Nb  interfaces  is  smaller  than  those  of  non‐Σ3  GBs  in  Cu, 
comparable  to  incoherent  Σ3  GBs  in  Cu,  and  greater  than  PVD  NL  Cu‐Nb  interfaces. 
However, an important qualitative difference between all the irradiated Cu‐Nb interfaces 
and GBs in pure Cu is that, after irradiation, the latter become decorated with numerous 
voids[20].  GB  voids  are  deleterious  to GB mechanical  integrity  and  play  a  central  role  in 
their eventual mechanical failure[35]. By contrast, there are no voids at all along either the 
ARB or PVD NL Cu‐Nb interfaces, indicating these interfaces are not as susceptible to the 
radiation‐induced mechanical degradation that affects GBs in pure Cu. 
    Figure  3b  sorts  all  the  interfaces  investigated  here  into  groups  according  to  their  Cu 
terminal planes and lists their VDZ widths. Group I, with Cu terminal planes near {112}, has 
highest VDZ widths. Group  II  contains  interfaces with Cu  interface plane near  {110}  and 
has slightly lower sink efficiency than Group I. Group III contains interfaces that have Cu 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terminal planes near neither {112} nor {110}. Due to the particular texture of ARB NL Cu‐Nb 
composites[28],  there  are  far  fewer group  III  interfaces  than  in groups  I  or  II.  Their  VDZ 
widths are highly variable. 
    Notably, of all the ARB NL Cu‐Nb interfaces, the ones with Cu {112} and Nb {112} terminal 
planes have  the greatest  sink efficiency.  For  example,  Figure.  3c  and d  show over‐  and 
under‐focus  images (where voids show up as darker or  lighter contrast, respectively) of 
an  irradiated  interface whose crystallographic character, Cu(10 25 13 )[20 4 23]//Nb(13  7 
6)[12  11 14 ],  matches closely with Cu{112}<110>//Nb{112}<111>. Interestingly, interfaces of 
this type have low energies compared to others and contain a distinctive arrangement of 
misfit dislocations whose Burgers vectors have components pointing out of the interface 
plane[36,37]. 
    These findings suggest the following strategy for synthesizing radiation‐resistant ARB 
NL Cu‐Nb composites: maximize the number of Cu{112}<110>//Nb{112}<111> interfaces and 
reduce the thickness of individual layers to 40 nm or less. In such composites, the 10~20 
nm‐wide VDZs of adjacent interfaces would overlap and, therefore, all the Cu layers may 
be expected to be free of radiation‐induced voids. Additionally, the total area of Cu GBs 
would  also  be  reduced,  attenuating  any  degradation  modes  that  may  occur  there.  To 
reduce layer thicknesses below 40 nm, the ARB NL Cu‐Nb composites with 135 nm layer 
thicknesses must be subjected  to  further  rolling  reduction. To maximize  the number of 
Cu{112}<110>//Nb{112}<111>  interfaces, we make  use  of  the  intrinsic  texture  evolution  of 
ARB  NL  Cu‐Nb  composite  under  rolling.  This  texture  evolution  depends  on  the  rolling 
directions  applied  in  successive  rolling  passes  and  favors  the  formation  of 
Cu{112}<110>//Nb{112}<111>  interfaces  when  all  successive  rolling  passes  are made while 
keeping the rolling direction fixed[27‐29]. 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Applying this strategy, we synthesized ARB NL Cu‐Nb composites with individual  layer 
thicknesses  of  ~20  nm  and  containing  a  large  portion  of  Cu{112}<110>//Nb{112}<111> 
interfaces[27‐29]. TEM images of these composites after irradiation shown in Figure. 4a and 
S5  demonstrate  that  their  original  layered  morphology  survived  the  irradiation  intact, 
confirming  excellent  thermal  stability.  Figure.  4a  demonstrates  that  the  Cu  layers  are 
indeed nearly completely void‐free. Only small, isolated voids may be found, mostly in the 
thickest layers. We have counted the number density of the voids in the finer layers and 
plotted  it  in  Fig.  1c.  Both  the  number  density  and  size  of  voids  in  the  finer  layers  is 
markedly reduced compared to the 135 nm ARB NL Cu‐Nb composites. Most significantly, 
no voids were seen on any of the Cu‐Nb interfaces. 
    For comparison, we synthesized pure NC Cu film with grains of ~20 nm diameter using 
PVD  and  subjected  it  to  identical  irradiation.  Figure  4b  shows  the  outcome  of  this 
experiment.  The  grain  size  in  NC  Cu  coarsened  to  diameters  of  ~60  nm  during  the 
irradiation, corresponding to a three‐fold reduction in the total GB area per unit volume. 
The  grain  interiors  are  indeed  mostly  free  of  voids,  but  the  GBs  themselves  contain 
numerous and  relatively  large voids, which have a deleterious effect on  the mechanical 
integrity of the NC Cu film. 
    These  results  illustrate  a  dramatic  contrast  between  interface‐engineered  materials, 
such  as  ARB NL  Cu‐Nb  composites,  and materials  processed  by  conventional methods, 
such  as  NC  Cu. While  both materials  initially  exhibit  significantly  enhanced mechanical 
strength  due  to  their  nanometer‐scale microstructural  dimensions[10‐14,28],  the  interface‐
engineered material retains this enhanced strength due to its thermal stability while the 
NC  Cu  progressively  loses  it  as  it  coarsens[21,22].  Similarly,  while  both  materials  show  a 
reduction  in  the  number  of  radiation‐induced  voids  in  grain  interiors  due  to  the 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absorption  of  radiation‐induced  vacancies  at  interfaces  and  GBs,  the  engineered 
interfaces in the ARB NL Cu‐Nb composites remain void‐free and therefore mechanically 
sound  while  the  GBs  in  NC  Cu  are  severely  damaged  by  irradiation.  Therefore,  the 
interface‐engineered material  is  radiation  resistant,  mechanically  strong,  and  thermally 
stable while the conventional NC material is not. 
    Our findings demonstrate that properties that might not be simultaneously achievable 
in  one  material  by  conventional  materials  design—such  as  strength,  stability,  and 
radiation  resistance—may  be  realized  simultaneously  through  interface  engineering. 
From  a  technical  standpoint,  integrating  interface  engineering  and  severe  plastic 
deformation  techniques  provides  a  new  and  industrially  relevant  route  for  controlled 
manufacturing  of  composites.  Expanding  this  design  space  to  include  other  composite 
morphologies, compositions, and  interface types, may enable the synthesis of materials 
that  simultaneously  exhibit  additional  properties  that  have  hitherto  appeared  to  be 
mutually exclusive. 
 
  
 
Experimental Section  
Fabrication of Cu‐Nb composites by accumulative roll bonding (ARB) 
    ARB NL Cu‐Nb composites were fabricated using repeated rolling, cutting, stacking, and 
further  rolling.  The  process  began  with  one  plate  of  polycrystalline  reactor  grade  Nb 
(99.97% purity) and two plates of oxygen‐free high conductivity Cu (99.99% purity) with a 
thickness  of  1 mm  and  0.5 mm  respectively,  length  of  20  cm,  and width  of  6.5  cm.  To 
promote bonding, the surfaces were cleaned ultrasonically for five‐minutes in an acetone 
bath followed by wire brushing. Roll bonding was performed at room temperature with a 
~50% reduction in thickness. Finally, the sample was cut in half and the process described 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above was repeated. Each iteration resulted in a doubling of the number of layers in the 
composite and halving of their thickness. After the thickness of individual layers reached 
200 nm, only the rolling step was performed with no re‐stacking, decreasing the overall 
sample  thickness.  Through  this  process,  composites with  individual  layers  from  several 
hundred micrometers  down  to  10  nm were  fabricated.  The average  values  of  the  layer 
thickness were estimated based on the number of layers and the overall sample thickness. 
In this study, we used ARB NL Cu‐Nb samples with average layer thickness of 135 nm and 
20 nm. 
Irradiation experimental design 
    We introduced radiation damage into ARB NL Cu‐Nb composites using a He ion beam, 
as  shown  in Fig. S1. The goal of our experiments was  to observe how the clustering of 
radiation‐induced  vacancies  is  affected  by  the  proximity  of  Cu‐Nb  interfaces  without 
interference from any implanted ions. Therefore, the energy of the ion beam was chosen 
to be high enough so that nearly all incident ions passed through our samples. He depth 
profiles computed using SRIM[38] for a He ion energy of 200 keV incident on pure Cu and 
pure Nb are shown in Fig. S2. In these cases, the implanted He concentration is near zero 
in  the  first  ~150  nm  adjacent  to  the  free  surface,  but  the  radiation  damage  level 
(expressed in displacements per atom—dpa) is nearly constant. Therefore, we prepared 
~100nm‐thick  cross‐section  TEM  (XTEM)  samples  first  using  conventional methods  and 
performed  He  irradiation  directly  on  these  foils.  According  to  the  SRIM  calculations 
shown in Fig. S2, incident He ions pass entirely through the electron‐transparent regions 
(less  than  100  nm)  in  XTEM  samples  and  the  implanted  He  concentration  in  them  is 
negligible  while  the  irradiation  damage  is  almost  uniform,  with  a  value  of  ~3  dpa. 
Irradiations were performed at 450°C over 6h  to a  fluence of 2x1017  ions/cm2 at  the  Ion 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Beam Materials  Laboratory at  Los Alamos National  Laboratory. Stage  temperature was 
monitored with a thermocouple and remained within ±10°C of the pre‐set value. 
Microstructure characterization 
    Irradiated XTEM samples were examined using a Tecnai F30 operated at 300 keV with a 
field emission gun. A series of irradiation damage features were imaged using two‐beam 
diffraction contrast as well  as with defocus of ±2 µm or ±3 µm. To determine  interface 
orientation  relationships,  a  region  containing  the  interface of  interest was  identified  in 
TEM and a  low‐magnification  image was  recorded.  This  region was  then  scanned using 
precession electron diffraction (PED)   with a step size of 5 nm or 20 nm for ARB Cu‐Nb 
specimens with an average layer thickness of 20 nm or 135 nm, respectively. Using these 
methods, we can accurately correlate  irradiation damage features with the character of 
the interface of interest. 
 
Supporting Information  
Supporting 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is available online from the 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Online Library or from 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author. 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Figure 1   
  
Figure 1. (a) Irradiation‐induced voids in Cu layers in irradiated ARB NL Cu‐Nb composites 
with  135  nm  individual  layer  thickness.  (b)  Illustration  of  the method  to  determine  the 
void number density in Cu layers. (c) Plot of the number density of voids as a function of 
distance  from the center of  the  layer  in  133 nm‐, 30 nm‐, and  15 nm‐thick Cu  layers. For 
each layer thickness, voids were counted over a 150 nm length of Cu layer. 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Figure 2 
 
 
Figure 2. (a) Region of interest in a NL Cu‐Nb composite observed by TEM (RD for rolling 
direction).  (b)  Interfaces are easily  identified  in a Cu phase orientation map.  (c)  Inverse 
pole  figures  show  the  image  and  interface  plane  normals  extracted  by  PED  for  the 
indicated interface. 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Figure 3 
       
 
Figure 3. (a) Comparison of VDZ widths (λ) at Cu‐Nb interfaces and at Cu GBs investigated 
under  identical  conditions[20].  (b) Widths  of  VDZs  near  Cu‐Nb  interfaces  sorted by  their 
plane orientations  (labels use  the nearest  low  index plane;  see Table S1  and Fig.  S4  for 
details).  (c) Over‐focus TEM image showing a VDZ near a Cu‐Nb  interface. (d) The same 
region imaged in under‐focus. 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Figure 4 
 
 
Figure 4.  (a)  Irradiated ARB NL Cu‐Nb composites with 20 nm  individual  layer  thickness 
are  nearly  void  free.  Arrows  indicate  small,  isolated  voids  in  the  thicker  Cu  layers.  (b) 
Irradiation damage in nanocrystalline Cu under identical conditions. 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Figure S1. Schematic illustration of the He irradiation experimental procedures. 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Figure S2 
                       
Figure  S2.  Depth  profiles  of  damage  (dpa)  and  implanted  He  concentration  (at.  %) 
computed using SRIM for a 200 keV He ion beam incident on pure Cu and pure Nb. During 
direct  implantation  on  TEM  foils  of  ARB  Cu‐Nb  composites,  the  incident  ion  beam  is 
parallel to the Cu‐Nb interface (see Fig. S1). Thus, the damage level and He concentration 
may be estimated by using SRIM calculations on pure Cu and pure Nb. The yellow area in 
the figure indicates the uniform damage and near zero He concentration in the irradiated 
TEM foils. 
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Figure S3 
 
Figure S3. (a) Irradiated ARB NL Cu‐Nb composites with 135 nm individual layer thickness; 
(b) Select area diffraction pattern (SADP) of as rolled ARB Cu‐Nb composites; (c) SADP of 
irradiated ARB Cu‐Nb composites. 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Figure S4 
 
     
Figure  S4.  Interface orientation  relationships measured by PED plotted on  inverse pole 
figures  of  bulk  texture measured  by  neutron  diffraction  (29).  The  Interface  orientation 
relationship data plotted here are listed in Table S1. 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Figure S5 
 
Figure 5S. Irradiated ARB NL Cu‐Nb composites with 20 nm individual layer thickness and 
the corresponding SADP. 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Table S1.  List of interface orientation relationships measured by PED along with their 
VDZ widths. The numbers (No.) in first column are corresponding to the numbers in Fig. 
s4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
